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Inﬁroduotion

Under certain conditions undesirable dead regions are cre-
ated in liquid and gas flows. Technically they sometimes cause
very prejudicial losses of energy and other diéadvantages.
These losses can be avoilded or reduced by drawing off small
quantities of fluid from the surface into the interior of the
vody and thus preveanting the development of turbulent regions.

The present report deals with a series of tests made for

the purpose of improving flow conditions about wings by applying

this suction principle (increase of the 1ift coefficient and

T

reduction of the drag about very thick wing sections). Though
; not conclusive, the report contains interesting results.

The possibility of improving wings by removing the boundary
layer by sﬁction has frequently been considered during recent

years, In this connection exhaustive tests were carried out at

the aerodynamic laboratory in thtingen. The fact that such

| *"Tragflugel mit Grenzschichtabsaugung," from Luftfahrtforschung,
. June 11, 1928, pp. 49-63. _

; See also J. Ackeret, "Grenzschichtabsaugung" (Removing Boundary
Layer by Suction), Zeitschrift des Vereines deutscher Ingenieure,
August 38, 1936, ppe 1153-1158 (N.A.C.A. Technical Memorandum
No. 395, 1937). ' _
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boundary—layer control is not yet fully satisfactory,_is due to
the enormous difficulties of the tests and esnmecially to the
structﬁral problems involved.s A comprehensive report of the
work hitherto done seems nevertheless justified by the great
inteiest which this problem arousés and byjthe results recently
obtained.

The physical principle of the suction theory is simple and
long since known.* On the rear side of nonstreamlined bodies,
the air flow usually leaves the surface and a turbulent region
without specific motion with respect to the body is formed at
that point. A great thickening of the boundary layer frequently
occurs without the formation of a turbulent region. .The forma-
tion of these turbulent regions which, in most cases, are tech-
nically prejudicial, can be avoided frequently by drawing off
amall quantities of fluid from the surface (Figs. la and 1Db).

We shall not now refer to other flow phenomena which can be pro-

duced by suction.

*],, Prandtl, "Ueber Flﬁssigkeitsbewegung bei sehr kleiner Reibung,"
Verhandlungen des III. Internationalen liathematiker-kongresses

in Heidelberg, 1904 (Teubner, Leipzig, 1905). Reprinted in Vier
Abhandlgngen zur Hydro- und Aerodynamik, by L. Prandtl and A.

Betz, Gottingen, 1927 (J. Springer, Berlin).

A. Flettner, "Anwendung der Erkentnjsee der Aerodynamik zum Wind-
antrieb von Schiffen," Zeitschrift fur Flugtechnik und Motorluft-
schiffahrt 18, 1925, pe. 53, and Jahrbuch der Schiffsbautechnis-
chen Gesellschaft, 1934, pe. 333.

J. Ackeret, "Grenzschichtabsaugung," Zeitschrift des Vereines
deutscher Ingenieure, Aug. 38, 1926, p. 1153. a

0. Schrenk, "Versuche an einer Kugel mit Grenzschichtabsaugung,"”
Z.F e 19, 1926, p. 366. . : _

J. Ackeret, A. Betz, and O. Schrenk, "Versuche an einem Trag-
flugel mit Grenzschichtabsaugung," Vorlaufige Mitteilungen der
A.V.A., Gbttingen, No. 4, 19235,
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The first technical suction tests were made by J. Ackeret

and A. Betz in the G8ttingen laboratorys These men likewise

promptéd the present tests which were made by the writer. A.
Wockner at the beginning, and B. Winkler later, participated in
the tests.

II. Purpose and Development of the Tests

Boundary layer control by éuction, applied to wings, in-
sures an increase in maximum 1ift and permits using thick wing
sections without excessive wing section or profile drag. The
actual difficulty of this problem, which is simple in itself,
lies in the fact that the complicated apparatus and the power
required for suction must be justified from the technical point
of views Many other questions which greatly affect construction
and flight, such as the space inside the wing and reliability in
operation, must also be taken into consideration.

Hence the 1ift, drag, suctiom volume and suction power, the
latter being chiefly the product of the suction volume Dby the
suction presgsure, had fo be determined by measurement. The
simultaneous, accurate and quick measurement of all these quah—
tities caused certain difficulties. The best results were oh-

tained up to the present time with the arrangement described in

Seotion VIII, which consists of a model with built-im blower

suspended freely from the balances in the wind tunnel, Other
arrangements, in which the models were firmly sequred, only per-

mitted méasuring the forces indirectly and less accurately and
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quickly, owing to the connections of the suction pipes which led

.bo ‘the outside.

g
o

A picture of the stability of the flow produced by suction
had also to be afforded by the measurements. A repetition of

the tests showed certaln discrepancies which did not, in general,

AR AN i Y a8 2

materially affect the polar. A sensltivity to slight differ-
ences in roughness was also manifest in certain cases. Double

. values, analogous to those of certain wing sections in the neigh-

borhood of maximum 1ift, were obtained in some cases; for exam-
ple, wing sections 538-540 in Report III of the Ergebniése der
Aerodynamischen Versuchsanstalt zu thtingen (hereafter designated
as G8ttingen Report I, II, or III), according to whether the

point of measurement was approached from a stable form of flow

(i.e., from strong suction) or from an instable one.
III. Notation

The ordinary symbols are used in the customary aerodynamic

‘Q sense (p = air density;

v = velocity

= gpan n

Compare Gottingen Report I

= chord ‘ and Fuchs-~Hopf "Aero-
dynamik."

area of airfoil :

o 2
I

= 1ift

¢y = coefficient of 1ift

3 W = drag
i oy = coefficient of drag, .
etc. )
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_ Q = volume of air removal per second by suction (suction
. © volume), A
I _ _ , _
i cQ = é% = nondimensional volumetric coefficient,
i & _ .
. . A . . . .
: 18] = 1nternal negative pressure in suction chamber with
B respect to the undisturbed external pressure,

. » = = ns

: Cp Ef;z nondimensional pressure ooeff;01ent,
| z
‘} L = total power required for flight,
b . . . .
¥1 ¢y = 3 LSF = corregponding efficiency ratio,
0ot — v
| 3
¥
Y Ly = vrequisite suction power (See Section IV).
‘ Clg = = corregponding nondimensional coefficient
z P yar  (See Section IV)
. o
% Fyp = exit cross section of air flow,

vy, = 2 = discharge velocity.
b o

IV. Evaluation of the Test Results*

In addition to 1ift, the total power L = Wv + Lg chiefly
affects the evaluation of the tests. This expression 1s based
on the assumption of an agreement between the propeller and the

~blower —-efficiencies. The power at the crank shafts is then sim-
L

ply 7e A difference between the two efficiencies causes a
Wv |, Lg . . . :
* slight ohenge in the expression -+ ﬂs' The nondimensional
1 'R

form of the power equation reads ¢y = oy + c1ge Its introduc-

*This séction supplements a previous similar statement made by
the writer (Z.F.Ms 17, 1926, p. 366) and corrects it in one point.
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tion is justified by the fact that, like the drag and 1ift coef-

suction, are only very slightly affected by the Reynolds Number.
The function of the c¢cg/cy curve of normal wings is here partly
assumed by the cg/c; curve, which, in contrast with the ‘"cw
polar," will be called the "c; polar.”

The combination of the c¢y and c¢; values, as directly com-
puted from experiments with a mcdel is not, however, a reliable
criterion of the excellence of the wmodel, which is alsc affected
by an arbltrarily chosen quantity, the discharge cross section
Fyp (Fig. 2). It appears that, whenever the flow about the mod-
el and the corresponding volumes removed by suction are given,

W and Lg also depend on the discharge velocity wvy: W, Decause
the discharge produces a certain backward thrust (i.e., a propel-
ler effect of the blower); and Ly, owing to the blower effi-

ciency which increases with vyp. A calculation of the minimum *

shows that, in an otherwise defined case, L = Wy + Lg 1is a mini-

mum when vy = V. Since, for a given suction volume @, vy de-

pends only on Fy (See Section III), the most favorable exit

section 1s Fp = cQ F. The test reéults, whicn are given later,

*When vy is increased by d vy, the propeller thrust is Te-
duced by p Q d vy, and hence 1ts efficlency is diminished by

d(Wv) = —p Qv d vp-
The Dblower efficiency is simultaneously increased by
d Lg =Q d (% vb2>,= P Q vp 4 vb-
The extreme minimum value of L is determined by
v '7 PQRvdvp+ pPQVUpdvp=0
and lies in the neighborhood of vy = O.
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are oonverted to t11s dlsoharge section.* In this case the blow—
er ef¢1olenoy (not 1nclud1n - resistance of pipes inside the wing)

is
. o] \**’:
qug<p T3 Ve,

where the undisturbed external pressure (p, = 0) is substituted
for p, (Fig. 3) and in most cases can be accepted without hes-
itation. When the wing is divided into n gseparate suction com-

partments, Ly 1s the sum of the individual results,
n 5 \
Lg = % Q1 (pi+3 v
1 g

2 .
Just as n

Q=% Qi-

1.

*Drag is converted as follows: the primed values being those di-
rectly obtained by experiment, the balance welghings give

W= +pQvp—-pQ v,

whence, by a slight conversion, we obtain

s F

N

, Fp
C'Wl e BCQ (P—Er

A cosgine, originated by the direction of discharge, is thereby
negleoted Tae conversion is superfluous for drag measurements
made by the method of impulsion (See Betz, Z.F.k. 1935, p.43),

' since, in the most favorable case, when <Vyp = Vv, the 1ﬁpu151oh
effects of the intaken air and of the expelled air (Fig. 3),
which are not indicated by the Pitot tube, exactly offset each
other., - For the sake of accuracy, the 1if% ghould also be con-
verted in a similar manner but, in most cases, the correction is
infinitely smalle It was considered in only one case (Fige 31).

v2® represents the force of the dis-

200,

The power increment Q
charge.
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The following relations are thus obtained for the evaluation of

the tegts

Q

4

f
3

0q; (opy + 1)

. C1 oy + Cpg

In order to proceed from an investigated case to other cases
in which, for the same position on the wing, the cepacity or

cross—~sectional areg of the suction openings 1s different, the

same flow about the wing and hence the same c¢5 and cy vValues
can ve assumed as a first approximation, provided all other con-
ditions (including CQ) correspond. Hence, the negative suction
pressure and the suction power increase with decreasing capacity
of the suction openings. According to certain tests, howevef,

(see Section V) this assumption holds true only to a liumited

extent. The réquisite guantity seems more likely to be slightly
affected by the nature of openings, perhaps due to the disturb-
ing effects of surface conditions on the development of the
boundary layer, and perhaps also to the fact that a variationm in
the capacity of the suction openings may affect the pressure dif-
ference required for the passage of the air and hence also the

stability of the external flow zbout the winge
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V. Preliminary Tests with Small Hodels

A few preliminary tests on a.small scale dealt with the
question of 1ift iﬁcréase. OWing‘to the small'Reynolds Numbers:
of these tests (five to fen-times smaller than those of the usu-
al wind-tunnel tests), no data of practical value could be ob-
tained regarding the drag reduction. The wing model (Figs. 4
and 5), of 2o\om span and 6 cm chord, was secured with its end
disk to the nozzle of a small experimental blower with an open-
ing of 800 W 300 mm (Fig. 8). For the purpose of a quick com-
parison with the pure potential flow about the section, one of
the theoretically easily comprehengible Joukowsky sections
(£/1 = Oel; d/1 = 0.3%* was investigated. The 1ift was deter-
mined by the deflection of the jet (Figs 6). This method is not
very accurate, but very convenient for the present case.**

The wmost importent results‘are gshown in Figure 7. The suc-
tion volumes are plotted against the 1ift for two different
screens (Fig. 8) located on the upper wing surface. Of the two

screens tested, the slotted one is more favorable as regards the

*Regarding the J profiles, see Gottingen Report III, pages 13
and 59, and O. Schrenk, Z.F.M. 1937, pages 337 and 376,

**If B ig thée angle of deflection of the jet, and h the width
of the jet perpendicular to the axls of the wing, then, according

to the law of impulsion, we have apprgximately

This value must be corrected, since the deflection is not impart-
ed to the whole volume of the jets. The air drawn off from the
surface actually disappears inside the wing with about half the
deflection. Hence, for a more accurate calculation, we should

1 :

h s h
take T3 cQ ingtead of I -
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required volume of air. Owing to its smaller capacity, however,

it gives poorer results (not hére indicated), especially for

large c, valuess The indicated suction_volumes are the minimum
quantities required for the flow to conform to the surface at

any angle of attack and they uéually repreSent the most favorabl§
test values. A further increase in suction would not materially
affect the 1ift. A comparison with the theory of the friction-
less profile flow (Fig. 9) shows a remarkable shifting of the
measured 1ift values toward the theoratical values, according to
the principles of the boundary-layer theory (Compare the rela~
tively greater deflection of Joukowsky sections without removal
of boundary layer by suction,  'Z.Feile, 1926, p. 235).

The cg, a curve (Fig. 9) is derived from the test results
by the following conversions: 1. The measured angle of attack is
reduced by half the angle of deflection B, Ubecause the flow, on
reaching the wing, has already undergone about half its defleo-
tion; 2. Along the wing, the streamlines are slightly bent,
which, in the 1ift production, corresponds to a decrease in the
effective angle of %ttack. A close examination shows that a bend

in the streamlines -g (r = radius of the bend), with a reduction

of A % = i% (f = mean camber) in the camber of the wing sec-
tion, causes a reduction of i{% in the camber and a decrease
of

of 57.3 x = in the eifective angle of attack (Oomparé ZeFoM,,
1936, p. 235). Since, according to a vortex screen conslderation,

the bend in the streamlines can be expressed by
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% £
T a2 :

and hence, in the present case, by
¥ = cp 0.0334,

the reduction in the angle of attack, necessitated by the bend

in the gtreamlines, is

Aa® =~ c, 0.87°.

Strictly speaking, in a jet of finite height h, the Wing has
not the same form (with respect to the flow) for different 1ift
values. The considered wing section which, for zero 1ift, has
a camber £ = 0.05 t, can, for ¢y = 6, De identified iﬂ.our
arrangement with a section having a camber £ = 0.015 t.

An earlier test made by J. Ackeret with a very thick wing
section (thickness ratio 3/3) should also be mentioned., The
guantity required to produce a given 1ift was in this case about
40% swaller than for fhinness_sections. This phenomenon, which
ig in some way connected with the uniform pressure distributiom:
about thick wing sections, whs not, in the meantime, further in-
vestigated, since it was not originally intended to depart mate-

rially from the usual forms.
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VI. Large,'Internally Divided Wing liodel*

ST T The first éxﬁériments on'a large stale were carried out

with a wing section having.a 30 cm chord like the one used for
the preliminary tests (Fig. 5). The upper surface of thig sec—
tion consisted of the slotted screen shown in Figure S8a. The
following general results were obtained. |

L. The suction volume and power can be materially reduced
by dividing the internal suction chamber into compartments. A
correct distribution of the suction over the different steps is
essential.

de The sustion volume can be further reduced by the sulta-
ble gpplication of surface strips between the steps. Figures
11b to 11f represent various tested suction arrangements.

3e Apout one-tenth of the wing width at each of the free
ends of the rectangular wing requires no suction since the flow
there conforms automatically to the surface. Wider regions
without suction cause the flow to separate along the whole wing.

The possibility of saving suction at the wing tips is due
to the well-known marked decrease in 1lift toward the wing tips,
and is also accounted for by the maximum negative pressure mov-—
ing strongly backward at the tips. This prevents the separation
of the flow, which can take place only in regions of increasing
pressures The width of the wing-tip region, where no suction

is produced, may be slightly affected by the magnitude of the

*Short indications regarding these experiments are given in
Vorlaufige Mitteilungen der Aerodynamischen Versuchsanstalt, No.
4, 1935. | -
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1ift. The width was measured for ¢, = 2.5 (about).

- Figure 13 affords an explanation of the other‘observations,

' P, represénting the direction of the external pressure about

the section, which i1s identical in both suction arrangements.
If p; (or Pi_» Pi_ pié) denotes the internal pressures in
the compartments, the (hatched) pressure differences pj — Pa
are then available for the passage through the grid, and it is
seen that unnecessarily great suction volumes and pressures are
produced under certain conditions in the rear wing region.

Contrary to former practice, the tip of a wing was placed
in the air flow in the test arrangement shown in Figure 13. The
other end abutted a smooth wall through which the suction was
effecteds This wall acted as the plane of sgymmetry and, except
for small disturbances due to the boundary layer of the wall,
this wing represented a free wing with an aspéot ratio of 4. A
wider wing could not be used, since greater suction volumes
caused a noticeable pressure drop in the air pipes insgide the
Wing and affected the tests unfavorably.

Among the individual results, particular attention 1is

‘called to the 1ift measurements between ¢y = 8 and 4* with the

smallest possible suction volumes, as given in Section V. Owing

. to space conditions, the 1ift could not be measured by'the form—

er jet—-deflection method and was determined in the present case

by pressure-distribution measurements around the wing section,

*Local Cg Values, not mean values over the whole wing span.
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as made with a special pressure-testing device. For different

~— reasons this method is not very accurate

(f 10%).

The most im-

portant numerical results contained in the following table were

computed with corresponding values from preliminary tests.

TABLE I. ‘
Cq cQ Cilg °Q, p,
Preliminary test with | 8.7 | 0.05
slotted screen
Preliminary test with 2e"7 0.076
perforated screen
Large model, suction Se'l 0.024 0.13 0. 000 9.8
according to Fig.lla
Large model, suction 367 0,083 - 0.08 0.003 5.8
according to Fig.llb*
Large model, suction Be7 0.016 0.05 0,003 5.8
according to Fig.llc
Large model, suction 3e'7 0.030 0.086 0 -
according to Fig.lld
Large model, suction Be'7 0.011 0.03 0.00L 4.8
according to Fig.lle
Preliminary test with Sed 0.063
slotted screen
Large model, suction 363 0.018 0.1l 0.001 6.5

according to Fig.lle

*The suction arrangements in Figures 1llb to 11f were effected by

pasting smooth paper over the openings.
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TABLE I (Cont,)
OQ’Z : sz ’ OQS Ops

"Preliminary test with
slotted screen

Preliminary test with
perforated screen

Large model, suction 0.015 6.2 | 0.006 - 1.0
according to Fig.lla

Large model, suction 0.009 ' 4,4 0.012 2.4
according to Fig.llb*

Large model, suction 0.008 4.3 0,006 1.7
according to Fig.llc

Large model, suction 0.005 37 0,015 3.0
according to Fig.lld

Large model, suction 0.006 363 0.004 1.0
according to Fige.lle

Preliminary test with
slotted screen

Large model, suction 0,014 7e5 0,003 1.3
according to Fige.lle

A group of systematic tests (Fig. 14) shows the importance
of a correct distribution of the suction. over the individual
steps. By means of theée measurements, the most favorable value
for cy = 2.7, as indicated in Table I, was determined for the
large model without uncovering. The cQ, cQ, » CQQ,Aand cQg Val-
ues are given in the diagram. The other values of the table
likewise belong to the moét favorable cases of a large series of
measurements. Further tests dealt with the drag reduction of
the section for 1ift velues at which; according to Figure 10

(normal wing polar), the flow about the wing section had not yet

*See foobnote, page 14.
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separated (oé in the neighborhood of 1). In principle, the suc-
. tion method is also applicable when the flow behind the wing
'still adheres to the surface but has a greatly widened, drag-
producing turbulent region. Then, however, the success will be
relatively smaller than in the other case, since the flow in it-
self is not so unfavorable.

The tests were made by the method of impulsion (A. Betaz,
Z.FoMa, 1938, pe 43) and gave the following results. Below
Cy = 1, for the arrangement 11f, the reductions in power amount-
ed to only a few per cent, while the simultaneously produced
1ift increments (approximately 10%) could not be accurately de-

termined. Conditions were a little more favorable fo: C, = lele

a
The loss curves in the wake of the wing, determined with the
arrangement shown in Figure 3, are plotted in Figure 15, They
show the reduction in the impulsion-loss area with increasing
suction volumes and likewise the increase in 1ift in the form
of a greater displacement of the turbulent region. The evalua-
tion curves corresponding to Figure 15 are shown in Figure 16.
They show an improvement of the tbtal efficiency coefficilent
from 0.032, without suction, to 0.034 with a suction volume

cq = 0.0038.

- VII. Tests with Two Symmetrical Strut Sections

A case of very simple flow conditions, those of a symmetric-
al two-—dimensional flow (zero angle of attack and side walls)

about symmetrical sections of great thickness (Fig. 17), Was
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adopted for a thorough investigation of the profile-drag reduc—

" tion-and-of -the related problemsﬂ%liﬁhﬁgs‘chiefly intended to

throw light on the variation of the flow produced by the sucﬁidn,
by measuring thé velocify distribution, the thickness of thé
boundary layer and of the_turbuleﬁt regionnbehind thé wing sec-
tion, as well asg ﬁhe pressure distribution about the wing. The
testing of individual suction slots, instead of screens, was
another object of the investigation.

After exhaﬁstive tests, it was finally found iﬁpossible to
undertake general flow investigations about strutse. It appeared
that this "symmetrical' flow is particularly unstable. The ac-
tual motion wag absgolutely unsymmetrical and three-dimensional
and produced an irregular 1ift and drag distribution along the
strut. Zero 1ift could be established only coccasionally for
certain wing sections. It was impossible to measure velocities
and pressuresg in the neighborhood of the vody, since the stream-
lines were completely changed even by a small hole or by a sound-
ing device. An extensive incalculability range secems to be conm-
mon to these struts and to the sphere in hydrodynamicse. The
sphere, which hag been frequently used for fundamental tests in
flow investigations, likewise possesses this great sensitivity to
small distqrbances.* Such phenomena do not surprise us when
they occur agbout tﬁick étrﬁts without sudtion, where they were

observed by Prandtl many years ago. The surprising feature is

*Q, Flachsbart, "Neue Untersuchungen uber den Luftwiderstand
an Kugeln," Physikaligche Zeitschrift, 1937, p. 463.
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that even the removal of the boundary layer by suction does not

~change -these conditions. This uncertain behavior of the flow

ceases, as soon as the strut is given a few degrees angle of
attacke The 1ift and drag distribution is then much moré'uni—
form, |

Numerical results coﬁld be obtained only by forming mean
values along the whole strut. There ig not a point where the
flow separates correctly, and its drag can be affected by suc-—
tion in a way similar to that of the wing in Section VI. Thick
struts permit saving up to 20% of the total efficiency expressed
in ¢, without suction (cy = 0.03 without suction). The Te-
sults of & certain number of neasurements with staggered struts
are given in Figure 18, where 1| is a test value approximately
proportional to the 1ift and representing the deflectiom of the
wing wake from the symmetrical position as measured with the
Pitot tube. f = 10 cm corresponds approximately to o, = 1

(see Hlitte I, 25th edition, p. 385).

VIII. Model with Bullt-In Blower - Suspension from Balance

The religbility of the results and the quick completion of
the tests urgently called for force measurements with the bal-
ance. These, however, encountered great difficulties, because
of the suction apparatus (Z.F.M., 1926, p..366). These diffi-
culties were overcome by means df a small helical blower of high

revolution speed (80000 T.p.mes), driven by one of our small three-
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phase induction motors.* For the tests, as described below, the
" blower and the motor, together with the device for quantity meas—
uremecnts, were enclosed in a fuselage (Fig. 20).

Slower.- Particular attention is called to the blower with

its unusually small dimensions (68 mm diameter) and great revo-

" lution speed (n = 30,000 T.pem., peripheral velocity wu = 100
m/s), which wgs built according to suggestions by Professor Betze
This blower wag only slightly inferior to larger blowers of a
similar type with the same Reynolds Number, although its prac-
tical construction as regards shape of Dbladesg, bearings aznd air
slots vetween the rotor and the casing, offered greater difficul-

" ties and was perhaps less satisfactory. At 30,000 T.peite and
for an efficlency M = 0.6, the delivery was 75 liters per sec-

ond, and the pressure was 350 mn water column. The results of

a specilal test, to which the blower;was subjected, are repre-
sented in the usual way in Figure 19.** Owing to the low com—
pression ratios (below 1.05), the thermpdynamic phenomena were
neglected in the evaluation of the test results. The very sen-—
sitive wood impellers, originally used, have been recently re-
placed by brass impéllers which give excellent results and can
be quickly repaired, in case of need.

. Model (Figs. 20, 3la and 21bk— The wing of this model was

given itg unusual éhape, in order that suction;mightﬁpermit in-
*See GSttingen Report III, pe. 2l, or J. Ackeret, Z.F.lf., 1935,
o) 44,

**xSee "Regeln fur Leistungsversuche an Ventilatoren und Kompres-
soren," V.D.I.-Verlag, Berlin.
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creasing the o, value and thickening the wing section. Besides,

~ the suction volumés and forces of this first practical model were

not intended to be large. In order to achleve a thickening of
the section and an increase in 1ift, despite'moderate suction,
only the central wing portion (Figs. 2la and 31b) was thickened
and subjected to suction. Since the flow about the two outer
wing portions without suction separated beyond a certain angle
of attack, the angle of attack of these two outer portions had
to be smaller than that of the central portion with suction.
Subsequently, material difficulties were encountered in carrying
this arrangement into effect on the first experimental airplane.
Although, owing to this somewhat complicated spparatus, the ac-
curacy of the test results was slightly impaired, they neverthe-
less enable general conclusions, provided certaln necessary cal-
culations are made. I% was found subsequently that the irregu-
lar transition in the 1ift distribution produced a disproportion-
ately high additional indGuced drag, which slightly impaired the
test results. A more accurate evaluation of this induced drag
is obtained in the following paragraph by a theoretical method.
The digsks between‘the central ond the outer wing portions
serve to maintain. the desired divisidn in the 1ift, i.e., in
the pressure distribution. They also carry the points of atﬁaoh~
ment for suspending the model. The angle of attack of the outer
wing portions could be varied, owing to their mode of connection

with the disks., The covers on the suction side of the central
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wing portion (Fig. 30), were exchangeable and served for changing
-the suction openings. The staﬁic pressure wag measured at three

points of each suction chamber, The measuring pipes and those

'
e
?‘:
[
t

{
[
r

!
[
1

running from the front Pitot tubes were led to the outside at a

suitable point of the lower wing surface, where they énded in

small hose nozzles.

The driving motor is cooled by the air drawn off from the

'wing. This was the only way to keep it running for 10 minutes

at full power, in spite of its necessarily very small size. Owing

to the repid vibrations (up to 500 per second), model parts in

direct connection with the motor and/g?gwer wore out rapidly

and some of them had to be replaced during the testse.

Principal dimencsiongs of the model:
P

Wing chord, uniform 200 mm
Wing span, over-all 1200 "
Span of central wing portion 450 "
Thickness of central wing portion 68 M
Thickness of outer wing portions 30 "
Height of disks 140 "

Induced drag of model.-~ A4is previoﬁsly stated, the angle of

attack and hence the 1ift o of the central wing portion must

a,

- be larger-than those of the outer wing portions. The resulting

1ift distribution ig shown in Figures 22a and 22b. As a fi:st

approximatidng the ¢, difference between the central and the

a

outer win ortions are considered constant for a certaim differ-
p
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ence A a between the angles of attack of the two portions. Af-

o} . . :
was adopted. Thig corresponds to

- a difference of 10 to 15Q in the axes of zero 1ift and of per-

haps A Gy = 0s8 t0 1.0 in the 1ift.

According to the wing theory, such a distribution permits
the anticipation of an induced drag greater than the theoretical
minimum, which is shown to be developed by an ordinary wing with-
out disks, when the 11ft distribution i1s elliptic. According to
previous experiments, no material departure from the theoretical
minimum was originally assumed. Owing to the unusual drag dis-
tribution, however, this additional induced drag was found, dur-
ing the tests , to excsed materially the assumed value. Thus, in
the origingsl results, these induced drag increments were more
manifest than the favorable suction effect.

Nevertheless, in order to enable conclusions regarding this
suction effect, the profile drag of the model had to be plotted
subsequently as the diffevence between the total and the induced
dragse. The relation between the profile drag and the suction
strength is thus generalized, since 1t becones independent of
the particular form of the model,

In order to determine the model profile drag by the speci-

fied method, the following course was followed, which led appTrox—

_imately to the goal. The wing was considered as a biplane struc-

ture with two geometrically similar wings of unequal span. Fur-

thermore, an elliptic 1ift distribution was assumed over the
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lonkger of these two wings (with full span of model), while, over

' the shorter one, it corresponded to. that of a wing with end disks

of the above-given dimensions. The actual 1ift of the model

could be obtained by the Superpbsition of the two 1ift distribu-
tions., Let the subindex 1 denote the values belonging to the
longer wing and the subindex 2 denote the values belonging to

the other wing., Then éa and cy refer to the corresponding aTeas
b, t+ and by t. The induced drag for this arréngement is defined
by the general equation

(]
W=/ daW=J/dA4,

w Ybeing the downward veélocity produced by the wing. In the case
under consideration tﬁe equation is resolved into the following
memberg:

We/ord A, +/ 22 d A, +/ 3 a4 +[2an, =

' W,
:W11+W23+2A'2T’

where W,, is the first integral or the drag of wing 1, and
W.. the corresponding integral of wing 3. The third and the
fourth integrals denote the mutual interferences which are ¢qua1,
gocording to an equation originally indicated by Munk ("Disserta~

. . . W
tion," thtlngen, 1919)s They can be summed up by 2 Aj ;% ;

. W .
"Slnoe~’$£ is constant.

The correspondingly reduced expression reads
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It

c,.2 +KcCc, 2+ 3 c c4 -—-}.
b, { ay 2z - Ta, Tap P

K 1g the applicable factor of the 1nduoed drag (See Gou—
tingen Report III, pe. 17) of the wing with the disks in question.
In the present case k = 0.84. The minimum induced drag for the

gsane mean

b

&~

Cq = Cn + — C
a, a, T B Ca;

of the wing without disks (elliptic 1ift distribution) is calcu-

lated in the usual way for comparison.

EW =

{c c
( & 1 a.l 61.2

a P b 4. 242l + D2° 2}.
by b1®

4] ol
o
S
3
o’
S

The difference between the two drags is:

'b2
- . %
CW—CW—ﬂb< {;’5} gz
1

In the approximation represented by this calculation, the differ-
ence, with respect to the minimum induced drag, is seen to he
independent of T, . Then ¢,  1s considered as a pure func-
tion of A «, whence a drag parabola, shifted about cy — Cy
to fhe right, is obtained in polar representation for a specific
modele.

In the present case, the polar is subjected to a parallel
displacement of A cy ¥ 0.086 for. cg, = 1.0 and Aa = 5°,

and of A cw = 0.017 for oaz = 0u8s A careful evaluation
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shows that the profile obefficients of glide are materially im-
proved by subtracting this additional induced drag. In order to
emphasize this facf, the parabola with Acy = 0.08 is plotted
as a dot—and-dash line in the followiﬁg diagrams, in addition .
to the parabola of minimum drag. After the subtraction of these
two drag portions, the profile drag remains between the dot—and-

dash parabola and the test curve.

Tests and results.— Aside from the above-mentioned diffi-
culties, which were due to material stresses, the progress of the
measurements was much easier than before and a larger number of
results was obtained. The method adopted for the completion of
the tests consisted in first measuring the forces (drag and 1ift)
simultaneously from a group of points by means of the wind-
tunnel balances and then, after fitting the necessary pipes, de-
termining, in the alr flow, the pressures and quantities by
means of a photographic multiple manometer., Identical flow con-
ditions, for each two corresponding individual measurements, were
insured by accurate observation with a sounding wire.

Thus,-;n the course of extensive experimentation, there were
investigated different strengths of suction, different suction-
load distributions over the two chambers and especially suctlon
'oéenings of different size, position, number and shape. It may
already have been noted that the form of the suction slots ( sharp-
édged or rounded—off) was qQuite negligible. Disregarding the un-

favorable aspect ratic and the great suctiom force, great 1ift
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values for the central wing portion alone (Figs. 31 to 33) were

In the representation of the results, the cg, oy, and g

" values, obtained with specific arrangéments of the guction open-

ings, are plotted on each pair of diagrams and the corresponding.
suction coefficients are indicated in numerical tables. The in-°
dividual curves are lines connecting points of approximately
eqﬁal suction strength. The figures in the numerical tables are
mean values from the measurements for each point (& 5%). As
regards the reduced values Cg» CQ, €tc., a decrease in the air-
strean velocity roughly corresponded to an increase in the number
of revolutions of the blower. This fact was taken advantage of
in cases of strong suction when the blower was inadequate.

There nevertheless remained the usual slight uncertainty regard-
ing the influence of the different Reynolds Numbers.

Only the most ilmportant results of a large series of tests
are given in Figureg 24 to 30. The unpublished results are
nearly as satisfactory, however, in all essential respects. The
compilation of the reéults shows a characteristic behavior of
the o¢; polars. With increasing angle of attack, the most favor-
able bgi values follow gradually increasing suction volumes..
The combination of the most favorable values of a diagram pro-
duces an envelope polar which scems to be the best criterion
for the excellence of the arrangement. The comparable envelqpe

polars are shown separately in Figure 30,
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The c¢y polars chiefly afford a definite idea of the flow

~aboutrthefmbdel, while the frequent coincidence of curves with

different suction strengths proves that the flow often fails to
be further'improved after it has been brought to conform to a
surface. Where curves with different suction strengths coincide,
it shows that the flow undérgoes no material changes when the
guction 1s increased beyond a certaln limit.

Qases of identical suction arrangements but of different
step loadings (different ﬁositions of the throttle wvalve) are
not indicated in the regults, sinoe-even quite large cﬁéﬁges in
the distribution of o, and o, or of cp, and cp, (up to

100%) do not produce substantial differences in the ¢, polars,

[A
provided the c¢i14 values approximately agree. According to the
numerical tableg for Figures 236 and 37, good flow conditions aTe
also produced by edqual pressure in both chambers. Hence, con-
trary to former observations, this model does not require com-

partments, The results hitherto obtained do not definitely

settle the question of when to use compartments.
Summar v

The improvement of wings is directly affected by the de-
scribed tests. Indirectly, they are of interest in cases when
liquid or gas flows can be tééﬁniéally improved by preventing
turbulent regions.

According to the results, wings hitherto considered unfit




NeA.C.A. Technical Hemorandum Ko. 534 28

for use in airplane construction, owing to their thickness and
angle of attack, were so far improved by suction as to become
technically usable. Owing to the wmany possibilities of applying
suction methods in airplane construction, no final idea of the
attainable resﬁlts can yet be afforded by the tests. Close co-
operation of the designer and of the aerodynamic experﬁ is per-—
hape the best and shoftest Way to Treach a sblution.

Beyond ¢, = 1, sections with a thickness ratio of 2pPProx—
imately 1 : 3 can be materiglly improved (up to 30%). Thus,
from the aerodynamic viewpoint, very thick sections, which are
sometimes statically desirable, aré only slightly inferior to
those used at the present time. Profile-drag coefficients of
Gy = 0,03 and upward can generally be wmach improved, whereas
more favorable original conditions cannot be. For the model
described in Section VIII, with a central wing portion from the

surface of which air is removed by suction (Fig. 31), profile

~coefficients of glide of approximately 1/40 to 1/50 are obtained )

after deduction of the rather great induced drags (Section VIII,
2). Morecover, the model in itself is not particularly favorable
as regards profile drag (friction and pbssible separation drag
due to the end disks). |

As regards the 1ift, o, values up %o 6 (cQ = 0.2) were

reached in one case (Section V) and up to c, = 4 (CQ = 0.,05)

in another case (Section VIII) by the application of great suction

strengths. Lift values up to. Cy = 3.0 were also measured for
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the complete model in Section VIII (Fig. 21). They had consid-

erable profile drag, oWing to the fact that the flow about the

outer wing portions was already half-detached (Figs. 24 to 29).
Technically speaking, the data of Section VII deserve con-
sideration. They prove that all accurate methods of measurement

fail when applied. to nonliffing flow about symmetrical thick sec-

tionse This fact is accounted for by the formerly. often-observed

instability of such flows which could not be prevented by suction.
The good agreement between the 11ift of the calculated potential
flow and that of the actual flow produced by suction (Fige. 9,
Section V) is in harnony with theoretical considerationse.
Lastly, it should be noted that the Reynolds Number of the
described test is exceeded by that of actual airplanes at least
by a factor of 10. Although experience shows that the forces
acting on a model are approximately proportional to those exert-
ed on full-size airnlanes, it is doubtful whether these condi-
tions also hold good for suction volumes, since the boundary-
layer theory suggests the idea of a gradual decrease in the suc-
tion volume with increésing Reynolds Number. However, for lack

of practical experience, no definite statements can be made.
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TABLE II. (Fig. 24) TABLE III (Fig. 25)

- cQ Cp Clg _ cQ Cp -Clg
a 0. 0005 O 0.,0008 a 0,0005 0.4 -
b 0.0010 1.5 0.003 b 0.0019 0.8 0.003
c 0.0020 2.8 0.008 e 0.0033 1.5 0.008
d 0.0031 3.7 0.014 a 0.0044 2e7 0.016
e 0.0046 5.3 0.030 e 0.0059 4,8 0,033
f 040075 8.9 0.074 f 0.0089 845 0.085

TABLE IV (Fig. 26)

CQ'_L CQg OQv Cpl ’ Cpg CI’Sl CZ’SB CZ’S
a - - - — - — - -
b - 0.0016 | 0.0016 | 1.5 | 1.3 ~ 0.004 | 0.004
c (0.0006 | 0.0037 | 0.0033 | 2.2 | 2,1 | 0.003 | 0.008 | 0.010
d |0.0007 | 0.0040 | 0.,0047 | 8.8 | 3,8 | 0.003 | 0,015 | 0.018
e |0.0012 | 0,0056 | 0,0088 | 3.5 | 3.6 | 0,005 | 0.036 | 0.031
f (0.0034 | 0.,0071 | 0.0105 | 5.3 | 5.9 | 0,031 | 0.048 | 0.070
TABLE V (Fig. 37)

_ CQl OQ’E CQ Cp1 sz‘ C-Lc‘1 CZSz C]'S
a - - - 0.6 | 0.5 —~ - -
k) - 0.,0012 | 0.0011 | 143 | 1.3 - 0.003 | 0.003
c | 0.0005 | 0.0019 | 0,0084 | 2.5 | 3.3 | 0,003 | 0,006 | 0,008
d | 0.0013 | 0.,0022 | 0,0035 | 3.3 | 3,1 | 0,006 | 0,009 | 0.015
e | 0.0075 | 0,0030 | 0.0056 | 4.7 | 4.1 | 0.014 | 0.015 | 0.039
f | 0.0043 | 0.0044 | 0.0086 | 8,8 | 6.6 | 0,033 | 0.034 | 0.0€7

TABLE VI (Fig. 28)

CQ Cp Cls
o 0.0031 1.4 0.007
a 0.0040 1.6 0.010
o 0.0055 37 0.021
£ 0.0088 5.7 0.058
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TABLE VII (Fig. 29)

Q. °Q, éQ °p, °p, - Olsl °1 g2 °1g

c - —~ | 0,0035 | 1.6 | 1.3 . - 0.007
d | 0,0004| 0.0040 | 0.0048 | 2.0 | 1.6 | 0,001 | 0.011 | 0,013
e | 0.0020] 0.,0048 | 0.,0068 | 2.8 | 3.5 | 0,007 | 0,017 | 0.033
- f | 0.,0045| 0.0055 | 0.0100 | 3,9 | 3.8 | 0,081 | 0,038 | 0.048

TABLE VIII (Fig. 30)

°Q, Qs ‘ °Q Cpl “p, ®lgy ®las “lg

a - 0.010 | 0.010 3e3 2.6 - 0.036 | 0.036
b | 0.003 | 0.010 { 0.016 4,2 37 0.026 | 0,047 | 0.073
c | 0,010 | 0.016 | 0.026 5,9 5.6 0,068 | 04105 | 0.170
d | 0,028 | 0.037 | 0,050 | 13,0 | 11,9 0,290 | 0.330 | 0.630

Translation by W. L. Koporind€,
Paris Office,

National Advisory Committes
for Aeronautics.
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Figs.8a,Eb,9,10

Fig.8a Fig.8b

Fig.8 Suction screens.{a)Slotted screen,alr removed 0.75u°/sec/

meat lmm watez.(b)Perforated screcn,under same conditions
air removed is 0.5m°/sec.Slotted ecrsen was uscd for models in
Section V and VI (flow perpendicular to direction of slots),
perforated screen for wodsls in Sections IV and VII.
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Figs.24 & 25 Polars of models in Se

suction arrangements.

ction VIII with different
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Figs.36 & 27 Pola?s of models in Section VIII wiﬁh different
suction arrangements.




Figs.38,39
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Figs.38 & 39 Polars of models in Section VIII with different
suction arrangements.
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produced by downward impulsion
of suction air,is deducted.
(See Section IV,footnote 3).
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